This paper traces the research stages of China's study of wave energy technology, summarizing the findings and deficiencies of each stage from oscillating water column, through onshore oscillating buoy to floating Duck. It also highlights the major innovations in China's new floating Duck device.
Research on oscillating water column technology
Wave energy technology research in China started in 1980. From 1985 to 2001, a major research effort was undertaken to investigate and develop oscillating water column (OWC) technology. Four OWC devices were built: onshore devices of 3 kW [1] , 20 kW [2] and 100 kW [3] , and a floating 5 kW backward-bent-duct buoy (BBDB) [4, 5] . In these projects, our OWC devices revealed their major deficiencies, the biggest of which is their low efficiencies [6] .
Based on a rough modelling, we found that the output of an air turbine rotating at a constant rate of 1000 r.p.m. in an airflow with average power of 52.5 kW is only 4 kW (figure 1) [7] . This simulation is based on the efficiency of a turbine in steady airflows with different blade attack angles (figure 2), and a power loss of 9 kW due to the friction of the turbine and generator at a rotation rate of 1000 r.p.m.
From the simulation, we can see that a turbine and a generator with large rotating inertia are not able to follow the reciprocating airflow, and will have significant power loss because of stall (when the attack angle is greater than 12.6
• ) and negative output (attack angle less than 4 • ). Inertia is the main reason for the low efficiency because it decreases the angular acceleration of the turbine. If the inertia was small enough so that the rotation rate could follow the changes in the airflow more closely, stall would not occur, and negative output would be mitigated. But the acceleration of the airflow is so large that the inertia of the turbine and generator can never be small enough. The only way of avoiding stall would be by adjusting the pitch of the blades to the best attack angle [8, 9] . However, negative output at dead centres of OWC can never be avoided, except when the rotation of the turbine decreases to zero.
Onshore oscillating buoy
Comparing the case of a turbo-generator in the reciprocating airflow of an OWC with that of a hydraulic ram in the reciprocating motion of an oscillating body (OB) in waves, one of the differences is that the acceleration of the airflow of an OWC is dozens of times larger than that of the motions of an OB. Therefore, it is much easier for the ram to follow the motions of an OB than for the turbogenerator to follow the airflows of an OWC. In most cases, there is an energy buffer between the ram and the hydraulic motor, so the hydraulic power will be smoothed significantly, and the hydraulic motor and the generator will operate at a more stable rate. That is why the power take-off (PTO) system of an OB is more efficient than that of an OWC. After 2001, we turned our attention from OWC to OB and designed an onshore oscillating buoy (OOB, figure 3 ), incorporating a hydraulic PTO. After 5 years of research, development and construction, the OOB was trialled in 2006.
The OOB consisted of a buoy with six wheels, enabling it to move easily inside the concrete slideway built onshore. The PTO of the OOB had a capacity of 50 kW. The buoy oscillated along the slideway, driving three hydraulic pumps by chains to convert wave power into hydraulic power. There was a buffer with a capacity of 10 MJ making the hydraulic power smooth, so that the motorgenerator converted the hydraulic power into stable electrical output (figure 4).
As an onshore wave energy converter (WEC) with the characteristics of a wave terminator, OOB has quite a large capture width ratio [6, 10] . However, its reliability was not satisfactory. After operating for 29 h, an important shaft was broken, causing the failure of a transmission chain, and the buoy went out of control. It fell into the sea, and went missing in a very strong typhoon 15 days later [6] .
Floating Duck
The short trials of the OOB verified the high efficiency and stability of the hydraulic PTO. We subsequently began to develop a floating OB WEC, taking advantage of the PTO system to develop an efficient and low-cost WEC. Combining the ideas of OOBs and the Danish floating over-topping WEC Wave Dragon [11] , we conceived a floating WEC with two floats (named a 'dual-float system', figure 5), a floating harbour and an oscillating buoy. In the floating harbour, there is a slideway, on which the oscillating buoy travels.
Soon we found the defects of this concept; it was almost impossible to avoid collisions between the floating buoy and the floating harbour, or to prevent synchronous movements. To address these problems, we decided to submerge the floating harbour to make it an underwater appendage, and replaced the slideway with a shaft, and the floating buoy with the Duck (figure 5e). The Duck is a great invention of Prof. Stephen Salter [12] , known as a third-generation WEC with a capture width ratio as high as about 90 per cent. Its high efficiency is very important in the small wave conditions common in Chinese waters.
To develop the floating Duck WEC, we have been working on the following research matters: -mooring system; -construction method; -deployment; -typhoon survival; and -corrosion protection.
After 3 years of research, testing and construction, a floating Duck with a capacity of 10 kW was deployed at the end of 2009 (figure 6). Sea trials showed the high efficiency of the floating Duck, though many design problems remained.
The major progress of our device lies in three innovations, namely the faulttolerant PTO, the underwater appendage technology and the energy storage mooring system.
(a) Fault-tolerant power take-off
The working principle of our floating Duck device is as follows: firstly, the Duck is driven by waves so that it pitches about its shaft to convert wave power into mechanical energy; secondly, the Duck's motion drives hydraulic rams by wheels rolling on specially designed guides to convert mechanical energy into hydraulic energy (which is smoothed to a stable output by an energy buffer); finally, a hydraulic motor and an electrical generator convert the stable hydraulic energy into stable electrical energy. The so-called fault-tolerant PTO allows a tolerance of any kind of large deformation and displacement of the Duck up to 100 mm, including the motion along the shaft. This feature avoids all machining of the shaft, allows serious distortions of the Duck, and provides for easier installation. All these features increase reliability and decrease the cost of construction.
(b) Underwater appendage
Our underwater appendage is a structure with two plate grillages that are perpendicular to each other. The underwater appendage is welded to the shaft ( figure 7) . The function of the underwater appendage is to hold the shaft against pitch, surge and heave. Hydrodynamic tests showed that the underwater appendage worked very well in stabilizing the Duck, effectively lowering the force on the mooring system and increasing the reliability of the device. Apart from this, since the appendage increased the draught of the device, wave transmission was decreased and therefore more power could be captured. By this means, the conversion efficiency of the device was considerably increased.
(c) Energy storage mooring system
For a floating WEC, damage in high seas may occur when a mooring system fails by anchor dragging and broken chains. The reason lies in the fact that the WEC has no effective horizontal restraint to stop it before the chains become taut. Calculation reveals that a loose chain has very limited potential energy before it is straightened, and a straightened chain has very limited strain-energy toleranceusually a total of only several tens of kilojoules. Under these circumstances, once the mooring system is straightened, while the device is still moving, either the chain will break or the anchor will be dragged, since the mass of the WEC together with its added mass is several hundred tonnes.
To address this problem, we added an energy storage component to the mooring system, consisting of a 'dynamic sinker', a 'static sinker', a 'front buoy' and a 'back buoy' (figure 8), which kept the chains tight and applied considerable horizontal restraints to the device. Calculation showed that if the buoyancy of the back buoy were 185.7 kN, the net weight of the dynamic sinker 200 kN, the buoyancy of the front buoy 90 kN, the lengths of the chains from the underwater appendage to the back buoy, to the dynamic sinker, to the front buoy and to the static sinker were 20 m, 40 m, 20 √ 2 ≈ 28.28 m and 20 m, respectively (figure 8), then the potential energy of the whole system was about 6.53 MJ, when the Duck was pushed 55 m back by waves. This is about 100 times greater than the total potential energy of the ordinary mooring system at failure. Experiments showed that the energy storage mooring system decreased the strains of the chain and anchor significantly.
The calculation of the horizontal restraining force as a function of horizontal displacement involves an eight-variable set of nonlinear algebraic equations. To solve the equations, a Lie group was used to transfer the algebraic equations to ordinary differential equations, which were numerically solved by a Runge-Kutta method [13] . Figure 9 shows results for the conditions defined above.
Discussion
In an overview, the development of WECs in China has gone through three stages represented by the technologies of OWC, oscillating buoy and floating Duck. Efforts have been made to decrease the generating cost of WECs. After initial designs exhibited low efficiency, high mechanical loss and unstable output of OWCs, we turned to the development of the OOB, but its high construction cost led us to develop a floating Duck design. Until now, the technological advance has been positive; the recent development of the floating Duck has the features of high efficiency and low construction cost, though its viability needs to be improved by long-duration sea trials. Other research activities in China that are not mentioned above include pendulum research since 1992 [14] , the linear generator buoy [15, 16] and an overtopping device [17] since 2008.
Wave energy converters have to accommodate large forces at low velocities. This may benefit construction costs significantly. Though large forces imply large structural components, low velocities decrease the demand for precision machining and installation difficulties. These usually account for a significant part of the total cost. Different circumstances will yield different solutions. OWCs may be less efficient in short-period waves than in long-period waves. But they are good enough for supplying electricity for navigation buoys. They are small in size, light in weight, low in cost and very reliable-so far we have not found other WECs to be competitive in these conditions.
